Polyploidy, or whole genome duplication, has been the primary force shaping the evolution and success of flowering plants probably by providing genome buffering against deleterious mutations, increasing allelic diversity, increasing heterozygosity (heterosis), and by evolving novel phenotypes ([@bib66]; [@bib26]; [@bib13]). Inferred either by comparison of chromosome numbers ([@bib66]) or by bio-systematic approaches ([@bib42]; [@bib28]; [@bib10]), 57--70% of flowering plants are reported to be polyploids. Currently available sequencing data have elucidated a much broader role of polyploidy in evolution ([@bib17]; [@bib35]; [@bib45]). Even the well-known diploids including *Arabidopsis*, humans, maize, rice, soybean, tomato ([@bib6]), and unicellular organisms such as yeast and the ciliate *Paramecium tetraurelia*, are also believed to have undergone cycles of ancient or contemporary polyploidization ([@bib72]; [@bib70]; [@bib5]).

Based on the origin and level of ploidy, the polyploids can be classified as an auto- (doubling of a diploid genome) or allopolyploid (chromosome doubling of an interspecific hybrid). Doubling of genetic material in a nucleus of either the same or related genomes comes as a major genomic stress that has to be alleviated by structural and/or gene expression changes. Duplicated genes in a recent polyploid can have several different fates, including the silencing of one of the duplicated copies (nonfunctionalization), divergence leading to new functions (neofunctionalization), maintenance of expression at the diploid level, or the acquisition of different tissue specificities (subfunctionalization) ([@bib41]; [@bib55]; [@bib39]). Among these, subfunctionalization and nonfunctionalization are the predominant fates as shown in *Arabidopsis* ([@bib32]; [@bib27]), *Tragopogon mirus* ([@bib9]), *P. tetraurelia* ([@bib4]), *Xenopus laevis* ([@bib62]), human ([@bib29]), soybean ([@bib55]), and cotton ([@bib2]; [@bib1]; [@bib11]). Structural changes at both the chromosome and gene level have also been reported. These include homeolog-specific gene loss in the ancestral tetraploid *Arabidopsis* ([@bib68]) and recently formed natural allotetraploid *T. mirus* ([@bib37]); ancient and ongoing targeted gene loss in maize ([@bib59]); gene elimination in wheat ([@bib22]; [@bib63]; [@bib46]) and *Tragopogon* ([@bib67]); and chromosomal translocation and transposition in *Brassica* allopolyploids ([@bib65]). Recent advances in transcriptome profiling have confirmed these conclusions ([@bib7]). However, the fate of duplicated genes over time and in different tissues and developmental stages of natural polyploids, such as wheat, has not been extensively studied, although expression level change in resynthesized allohexaploid wheat ([@bib3]) along with partial to complete genome dominance has been reported ([@bib52]).

Several different molecular processes have been reported to be responsible for various fates of duplicated genes, some of which are: (i) altered methylation pattern, as was observed for 30% of the allopolyploid *Spartina* genes ([@bib56]); (ii) heterochromatin disruption and altered imprinting as observed in *Arabidopsis thaliana* × *A. arenosa* allopolyploids; and (iii) activation of transposons as observed in the synthetic allotetraploids of both *Arabidopsis* and wheat ([@bib33]; [@bib13]; [@bib56]). Many of these studies were conducted on synthetic polyploids, thus, the reported effects may be the immediate responses of the plant to the stress caused by wide hybridization or doubling of the genetic material rather than the largely unknown effects of polyploidization over time. These effects were reported in some of the paleopolyploids but are not well-known in intact polyploids like wheat.

Differences in both the level of expression as well as the tissue specificity of duplicated genes are well-documented. Expression patterns of 199 of the 461 (43%) genes of natural allopolyploid cotton were different among homeologs ([@bib69]). Expression pattern differences and differences in tissue specificities were confirmed in the follow-up studies ([@bib74]; [@bib73]). Similarly, RNA-seq expression analysis of ∼18,000 duplicated genes in Soybean (*Glycine max* L.) showed differential expression patterns in ∼50% of the paralogs ([@bib55]). However, it is difficult to determine if the observed expression differences were the result of polyploidization or differences among independently evolving species with different evolutionary distances and expression patterns. The polyploidization in cotton is thought to have occurred ∼1--2 million years ago, while the soybean genome underwent two separate polyploidization events 13 and 59 million years ago ([@bib71]; [@bib55]).

Similar analyses in relatively "younger" polyploids such as wheat are poorly studied. The *TaBx* gene, for example, displays a tissue-specific differential expression pattern, with the B genome copy expressed more in shoots as compared to the other two homeologs ([@bib49]). One homeolog each was shown to be silenced in 236 unigenes, expressing in leaf and root tissues of wheat ([@bib8]). Tissue-specific homeologous silencing was also shown in 13 homeologous pairs of allotetraploid *T. mirus* ([@bib9]). However, no generalization can be made based on data from a single gene or subset of unigenes expressing in two wheat tissues.

Various chromosomes and chromosomal regions are structurally and functionally distinct, as evident from the fact that both the genes as well as recombination are highly uneven along the eukaryotic chromosomes ([@bib25]; [@bib64]; [@bib59]). The relationship between this uneven distribution of genes and recombination with the differential fate of duplicated genes has not yet been established. In the present study, we have shown that the location of a duplicated gene on a chromosome/arm/region impacts the evolution of its gene expression pattern.

Here, we chose wheat to study the fate of duplicated genes in natural polyploids. Wheat, *Triticum aestivum* L. (2*n* = 6*x* = 42), is an allohexaploid with three relatively collinear genomes, designated A, B, and D ([@bib36]; [@bib43]; [@bib21]). Two independent polyploidization events led to the evolution of hexaploid wheat. The first polyploidization step occurred ∼500,000-yr-ago from a hybridization event between *Tr. urartu* Tumanian ex Gandilyan (2*n* = 14, genome AA) and *Aegilops speltoides* Tausch (2*n* = 2*x* = 14, genome SS≈BB) or its closely related species, giving rise to the allotetraploid *Tr. turgidum* L. ([@bib43]; [@bib31]). The second polyploidization step happened ∼8000-yr-ago from a hybridization event between *T. turgidum* L. (2*n* = 28, AABB) and *Ae. tauschii (Coss.) Schmal* (*2n* = 14, DD), giving rise to the present day hexaploid wheat ([@bib36]). Furthermore, the diploid progenitors of hexaploid wheat are extant and their phylogenetic relationship is relatively well-understood ([@bib58]; [@bib31]). Also available in hexaploidy, wheat is a wealth of aneuploid stocks ([@bib60]; [@bib61]; [@bib18]; [@bib19]) that are ideal to understand the functional organization of the wheat genome and to study the effect of polyploidy on gene expression over time. Therefore, the objectives of the present study were to study fate of duplicated genes in wheat, establish the relationship of relative chromosomal location with the evolution of gene expression balance, the differential evolution of tissue specificity among duplicated genes, and the extent of dosage effect on gene expression.

Materials and Methods {#s1}
=====================

Plant material {#s2}
--------------

Wheat nullisomic--tetrasomic lines (NT, these lack a pair of chromosomes, the deficiency of which is compensated for by a double dose of either of the two homeologous chromosomes) and ditelosomic lines (DT, lack a pair of chromosome arms) produced in cultivar "Chinese spring" (CS) ([@bib60]), along with cultivar CS, grown at greenhouse conditions, were used for various experiments. For methylation studies and single-stranded conformational polymorphism (SSCP) analysis, plants were grown under highly controlled conditions in a growth chamber \[18/6 hr (day/night) light and 22/18° (day/night) temperature\]. Plants were started on the same day, spaced equally, and were provided with equal amounts of water at regular intervals. The plant material was obtained from the Wheat Genetics Resource Center (Kansas State University).

DNA and RNA procedures {#s3}
----------------------

The DNA extractions and gel blot analysis procedures were carried out as previously described ([@bib57]; [@bib20]). Total RNA was extracted using the guanidinium thiocyanate-cesium chloride density gradient method ([@bib16]; [@bib48]). The poly(A)^+^ RNA was selected from total RNA by affinity chromatography on oligo(dT) cellulose using the standard protocol. The hot phenol RNA extraction method was used when only a small quantity of RNA was needed for SSCP analysis. For homeologous gene expression analysis using SSCP analysis, RNA from 11 different plant development stages \[namely 5-d-old seedling, root from seedling and adult plants, 28-d-old plant, flag leaf (last leaf that is visible but still rolled up), early flowering (Feekes scale: 6, first node of stem visible at base of shoot) ([@bib38]), meiosis, preanthesis, postanthesis, seed at 5 days postanthesis (DPA) and 30 DPA stage, and adult plant (Feekes scale: 10.5, all heads out of sheath)\] was extracted. The Feekes scale is a system to identify the growth and development of cereal crops. The different plant development stages are represented on a scale from 1 to 11.

DNA methylation analysis {#s4}
------------------------

Gel blot analysis was used to evaluate changes in overall gene expression due to changes in the homeolog copy number. Genomic DNA was extracted from 28-d-old leaf tissue of CS and wheat homeologous group 7 NT and DT lines (N7AT7B, N7AT7D, N7BT7A, N7BT7D, N7DT7A, N7DT7B, DT7AL, DT7AS, DT7BL, DT7BS, and DT7DS). The genomic DNA was cut with restriction enzymes sensitive to CpG and CpNpG methylation (*Hpa*II) and insensitive to internal methylation (*Msp*I). Gel blot analysis was performed using 15 μg of genomic DNA and size separated on 0.8% agarose gels. All other steps were followed as previously described ([@bib24]).

Methylation studies were conducted using 66 randomly selected wheat homeologous chromosome 7-specific DNA probes. An effort was made to select probes uniformly distributed over the group 7 chromosome. These DNA probes included 50 ESTs present on various wheat genetic maps (<http://wheat.pw.usda.gov/GG2/index.shtml>). All of the probes used for the study were ESTs except for 16 group 7 probes that were previously identified by RNA fingerprinting/differential display or cDNA-AFLP display of CS and the 7AL-9 (FL0.94) deletion line ([@bib64]). As a control to see whether change in gene dosage of one chromosome has any effect on the genes on other chromosomes of wheat, 12 randomly selected group 5 probes (*abg314*, *abg387*, *wg530*, *mwg522*, *mwg52*, *mwg592*, *mwg2237*, *ksuG414*, *mwg768*, *mwg923*, *bcd508*, and *cdo1090*) and five group 1 probes (*BE590674*, *BE495292*, *BE443071*, *BE443409*, and *BE490291*) were also used.

SSCP analysis {#s5}
-------------

SSCP analysis was used to resolve fragment bands corresponding to the three homeologs. We optimized the procedure of ([@bib15]) for use in wheat. Briefly, first-stranded cDNA was synthesized from 2 μg of DNaseI-treated pooled poly(A)^+^ RNA using Moloney Murine Leukemia Virus reverse transcriptase (Clontech Lab). The PCR reactions were performed with Advantage PCR Kits and Polymerase Mixes (Clontech, Catalog \#639101), in the presence of S^35^dATP in a total volume of 20 μl. The PCR product was mixed with an equal volume of loading buffer. About 5 μl of this mixture was loaded onto 0.4 mm thick denaturing 8% polyacrylamide/8 M urea gels. Gels contained and were run in 0.5 × TBE buffer at pH 8.3. Each sample was size separated both on gels run under standard conditions and on gels run for SSCP. For standard runs, the gels were prerun at a 33 mA constant current for 30 min and then at 70 W constant power for 4 hr. For SSCP runs, the gels were prechilled at 4° for at least 5--6 hr before running at 10 W for 12--13 hr at 4°. An X-ray film was placed on the dried gels and was exposed for 3--7 d.

Identification of wheat-specific EST contigs {#s6}
--------------------------------------------

Unique ESTs corresponding to 9400 wheat unigenes have been physically mapped to wheat chromosomes by gel-blot DNA analysis of 164 wheat aneuploid lines including NT, DT, and deletion lines (<http://wheat.pw.usda.gov/NSF/>). Each of the 9400 gel-blot analysis images was manually evaluated to select 2180 that showed a clear hybridization pattern and where every restriction fragment band was physically localized to a chromosomal region. Rice orthologs for the selected wheat ESTs were identified by pairwise comparison of the EST sequences with that of the full-length rice cDNAs using the "Blast" algorithm performed at a cut off e-value of e^−70^ (KOME, <http://cdna01.dna.affrc.go.jp/cDNA/>). Sequences of the selected wheat ESTs and the corresponding rice full-length cDNAs were then compared with the CS wheat-specific EST database (by limiting query to "wheat and Chinese spring" using the "megablast" algorithm <http://www.ncbi.nlm.nih.gov/BLAST/>). The identified CS wheat-specific EST sequences aligned with the corresponding wheat and rice sequences were assembled into contigs using the "Contig Express" Module of the Vector NTI Advance10.0 software with ≥ 80% identity and a minimum overlap of 30 bp. These two comparisons yielded CS wheat-specific EST contigs for each of the selected genes.

Virtual northerns for tissue-specific expression analysis {#s7}
---------------------------------------------------------

This method is a relatively easier and more versatile tool of potentially universal application. However, the quality of the virtual northern blots depends on the quality of the EST database used. Differential expression of homeologs in different tissues was studied by manually performing virtual northern blots ([@bib23]; [@bib34]) on 220 genes with three structural copies (homeologous), one each for the three genomes. All wheat ESTs (268,582) of the same and different accessions that were developed from 41 total cDNA libraries from 14 different tissues (<http://www.ncbi.nlm.nih.gov/dbEST/>) were used for this analysis. The three homeologs of a gene were identified by sequence comparison of EST sequences for each gene, and the source tissue for each of the ESTs representing different homeologs was scored. The virtual northern results were confirmed by SSCP analysis of a few randomly selected genes.

Heat map for tissue-specific expression analysis {#s8}
------------------------------------------------

Stand-alone batch blast was performed using the FASTA sequences of wheat ESTs that were part of the virtual northern blot analysis, with the reference International Wheat Genome Sequencing Consortium (IWGSC) gene models from Ensembl Plants containing 103,274 genes, at an *e*-value of ≤ 1e−100 to retrieve all the gene copies each having an Ensembl ID (TRAES) number. Only the copies with ≥ 95% identity were retained for further analysis. The expression profiles of all the copies of these genes in three stages, each with three replicates, of each of the five different developmental tissues were analyzed using the available RNA-seq data ([@bib12]) contained in the wheat expression database (<http://wheat.pw.usda.gov/WheatExp/>). The differential expression analysis was performed utilizing the mean FPKM values of each tissue generated from the wheat expression database and plotted using the ggplot2 package of R software (ver. 3.0.1) with the criterion of fold change.

Expressed homeologs distribution {#s9}
--------------------------------

Consensus physical maps for seven groups of six chromosomes (one chromosome pair being derived from each of the three ancestral genomes) of wheat were downloaded ([@bib14]; [@bib30]; [@bib44]; [@bib47]; [@bib51]; [@bib54]). The physical size of the chromosome and chromosome arm were taken, and the physical size of the chromosome intervals (bins) was calculated on the basis of their relative fraction length (FL) ([@bib19]). The distribution of expressed homeologs was assumed to be uniform along the physical length of a chromosome and chromosome arm. The mean number of expressed EST loci per micrometer of chromosome arm was calculated by dividing the total EST loci mapped to the chromosome arm by the total physical length of that arm ([@bib19]). The numbers of expected expressed homeologs (all three expressed, two of three expressed, and only one of three expressed) per chromosome bin were calculated by multiplying the mean number of the expressed ESTs with its physical length. The ratio of observed *vs.* expected EST loci was used to estimate the distribution of expressed homeologs. The χ^2^ goodness of fit test was used to detect significant differences between observed and expected numbers of expressed EST loci. In χ^2^ distribution analysis, *P* \< 0.05 was considered significant.

Data availability {#s10}
-----------------

The data necessary for supporting the conclusions presented in the article are represented within Supplemental Material, [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf). Figure S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf) shows expression pattern summary of genes with three structural copies along with the chromosomes. Figure S2 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf) shows the genes (with IDs) that will be useful for the readers to follow-up on any of the genes. It shows a consensus expression map of 1030 ESTs with three structural copies physically localized to chromosome regions bracketed by wheat deletion breakpoints. Figure S3 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf) shows the methylation pattern between CS and aneuploid stocks of homeologous group 7 chromosomes using methylation-sensitive and -insensitive enzymes.

Results {#s11}
=======

Expression pattern of the homeologs {#s12}
-----------------------------------

With the objective of studying gene expression corresponding to each of the three homeologs, EST sequences from cultivar CS were compared in detail (*Materials and Methods*). An example of the analyses and the approach to identify ESTs corresponding to each homeolog is given in [Figure 1A](#fig1){ref-type="fig"}. The EST *BE352570* (marked red, [Figure 1A](#fig1){ref-type="fig"}) was physically mapped between FL 0.45 and 0.59 on the long arm of wheat homeologous group 7 (<http://wheat.pw.usda.gov/NSF/>). The corresponding gene has three structural copies in the wheat genome as detected by deletion mapping. The sequence comparisons identified 28 wheat ESTs corresponding to the gene sequence (green bars). Revealed upon comparison with the corresponding rice sequence ([Figure 1A](#fig1){ref-type="fig"}, orange bar), these 28 ESTs covered 63% of the gene. A similar comparison using the full-length rice cDNA ortholog identified 18 additional wheat ESTs ([Figure 1A](#fig1){ref-type="fig"}, blue bars) extending the contig across the entire length of the gene. A similar approach was used to identify wheat ESTs for the selected 2180 wheat genes. In order to account for sequencing errors, a sequence pattern was considered to be real only if it was present in at least two of the corresponding ESTs and if the pattern was consistent along the length of the assembled contig.

![Identification of ESTs corresponding to the wheat homeologs. (A) Contig assembly of wheat homeolog ESTs corresponding to a physically mapped EST (marked red) used as a query (Q). Green bars represent the wheat ESTs identified using a query EST and blue bars denote the additional wheat ESTs identified using the corresponding rice full-length (orange bar) cDNA sequence as a bridge. (B) Sequence alignment of wheat ESTs showing different sequence patterns, each corresponding to a homeolog. ESTs showing a similar pattern are bracketed and marked by different color brackets (green, red, and blue). Black arrows mark the conserved region used to design PCR primers for the SSCP analysis. cDNA, complementary DNA; EST, expressed sequence tag; PCR, polymerase chain reaction; SSCP, single-stranded conformational polymorphism.](1225f1){#fig1}

Multiple alignments (Vector NTI) of the CS-specific ESTs corresponding to each of the selected genes were evaluated for the presence of distinct sequence patterns. For example, the 46 ESTs for the gene showed in [Figure 1A](#fig1){ref-type="fig"} displayed three distinct sequence patterns, showing expression of all three of the structural copies (homeologous) of the gene. This approach was used to study the expression pattern of the 2180 wheat genes. The available full-length cDNA sequence of 390 rice orthologs corresponding to these genes was used for the analysis mentioned above. Of the 2180 genes, the corresponding contigs of 1112 (51%) genes had less than five ESTs, thus, were not used for the homeologous gene expression analysis.

Among the analyzed genes (2180), ∼37% had the expected three structural copies and 17% had less than three copies, suggesting loss of one or two of the corresponding copies after polyploidization. Structural copies of the remaining 46% of the genes ranged from 4 to 14. The level of gene expression appears to be influenced by the number of structural copies. The proportion of the genes showing a lower level of expression (\< 5 ESTs) was higher for the genes with structural copy number deviating from three ([Table 1](#t1){ref-type="table"}). Only 42% of the genes with three structural copies showed low levels of expression compared to 61.4% for the genes with the deviating copy number. This difference was the highest (194/280, ∼70%) for the genes with two structural copies, followed by the genes with one and five structural copies, respectively. The number of ESTs per structural copy (ESTs/copy) also showed a dramatic difference, with the least number (1) for genes with seven or more structural copies and the highest number (6) for the genes with one structural copy ([Figure 2](#fig2){ref-type="fig"}). The genes with three structural copies showed an average of four ESTs/copy. This correlation could be spurious if the number of ESTs covaries with the gene length but, as evident from [Figure 2](#fig2){ref-type="fig"} (blue line), the number of ESTs/gene does not change significantly with the change in copy number.

###### Expression pattern of homeologs in hexaploid wheat

  Number of Structural Copies   Genes Analyzed   Number of Copies Expressed                                   
  ----------------------------- ---------------- ---------------------------- --- --- ----- ----- ----- ----- -----------
                                                 7                            6   5   4     3     2     1     \< 5 Hits
  1                             95               0                            0   0   0     0     0     44    51
  2                             280              0                            0   0   0     0     68    18    194
  3                             813              0                            0   0   0     268   172   32    341
  4                             359              0                            0   0   46    61    52    15    185
  5                             293              0                            0   2   26    64    32    4     165
  6                             166              0                            0   2   18    40    11    5     90
  7                             64               0                            0   1   6     12    7     3     35
  ≥ 8                           110              0                            1   3   9     35    10    1     51
  Total                         2180             0                            1   8   115   488   345   111   1112

Number of structural copies was determined using the physical mapping data (see *Materials and Methods* section).

![Expression pattern of genes relative to structural copy number. The *y*1-axis (blue) shows percent of genes corresponding to each structural copy number class, showing low level of expression predicted based on the proportion of genes showing \< 5 ESTs (expressed sequence tags) for a gene. The *y*2-axis (red) shows the number of ESTs for each of the gene copies.](1225f2){#fig2}

Of the genes with three structural copies, 55% expressed from all copies, 38% from two, and the remaining 7% expressed from only one of the three copies ([Table 1](#t1){ref-type="table"}). For the genes with two structural copies, 84% expressed from both copies whereas the remaining 16% expressed from only one. In general, the genes with more than three copies showed expression from relatively fewer copies. Only 26% of the genes with four copies showed expression from all copies and this number dropped to 1.6% for the genes with five copies. None of the genes with six or more copies showed expression from all copies ([Table 1](#t1){ref-type="table"}). For the genes with three or more copies, expression from three copies was the most abundant class regardless of the number of the structural copies. A small proportion of the genes were present in each category of the genes with three, two, and one copy that showed a higher number of expression patterns compared to the actual number of gene copies. This number was ∼2% for genes with three copies, ∼19% for genes with two copies, and ∼16% for the single-copy genes. None of the genes with more than three copies showed this pattern.

The ESTs used for the study were derived from 14 different tissues or developmental stages, of which 35% were obtained after exposing the plants to various stresses (Figure S1 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf)). Analysis of the 813 genes with three structural copies for their expression in stressed *vs.* unstressed tissues, a higher proportion (48%) of the genes showing expression in the stressed tissues, were rare transcribers (\< 5 ESTs) compared to those expressing in the unstressed tissues (39%). Of the genes from the stressed tissues, ∼60% expressed from all three copies compared to 52% from the unstressed tissues.

With the objective of confirming *in silico* analysis results, 34 genes randomly selected from various structural and functional copy number classes or expression patterns were analyzed by cDNA-SSCP and standard acrylamide/urea gel analysis (*Materials and Methods*). Primers for this analysis were designed from the conserved regions flanking the sequences differentiating the different homeologs of a gene ([Figure 1B](#fig1){ref-type="fig"}). The SSCP analysis was performed on NT lines in order to identify bands corresponding to each of the three homeologs ([Figure 3](#fig3){ref-type="fig"}). Fragment bands corresponding to each of the homeologs for 16 of the 34 genes were better resolved by the cDNA-SSCP analysis, whereas the standard gels worked better for the remaining 18 genes. An example of the cDNA-SSCP analysis is given in [Figure 3](#fig3){ref-type="fig"}. The EST *BE586090* detected three structural copies, one each on the three homeologous group 3 chromosomes (<http://wheat.pw.usda.gov/NSF/>). The *in silico* expression analysis showed three distinct sequence patterns, suggesting that all three copies are expressing. The SSCP analysis of CS and group 3 NT lines showed three fragment bands in CS corresponding to each of the three group 3 homeologs ([Figure 3A](#fig3){ref-type="fig"}). Similarly, confirmation of the *in silico* results by the SSCP analysis for three other genes (*BF485127*, *BE496983*, and *BF474347*) with varying number of structural copies is shown in [Figure 3, B--D](#fig3){ref-type="fig"}. Likewise, the SSCP results confirmed the *in silico* results for 19 genes. Of the remaining 15, primers for two genes did not show any amplification. For 10 genes, neither of the two types of analyses was able to localize all fragment bands to their corresponding chromosomes.

![Homeologous gene expression analysis by cDNA-SSCP analysis. NTA, NTB, and NTD indicates the NT lines for the corresponding *A*, *B*, and *D* genome chromosomes. The structural copy number given under each figure is from the physical mapping of the corresponding EST by gel-blot analysis. (A--D) Varying copy number with varying number expressing is shown. cDNA, complementary DNA; CS, Chinese spring; EST, expressed sequence tag; NT, nullisomic-tetrasomic; SSCP, single-stranded conformational polymorphism.](1225f3){#fig3}

Interestingly, there were some anomalies in the SSCP results where three genes (*BE517931*, *BE488792*, and *BE426712*), each expected to be expressing from all three of their structural copies, showed more than the expected number of fragment bands. The SSCP analysis for *BE517931* showed five fragment bands, of which three were not missing in any of the group 3 NT lines. The remaining two fragment bands mapped on chromosomes *3A* and *3D*. For the gene *BE488792*, the SSCP analysis showed six fragment bands, with one each mapping to *5A* and *5B* chromosomes. The group 5 NT lines did not resolve the remaining four fragment bands. Similarly, the SSCP analysis of *BE426712* showed six fragment bands, with one each mapping to *5A* and *5B*, and two mapping to the *5D* chromosome. The group 5 NT lines did not resolve the remaining two bands. More than one SSCP fragment band mapping to a chromosome may either be due to alternate splicing or highly similar, tandemly duplicated copies of the gene that were not differentiated by the RFLP analysis during the physical mapping of the corresponding ESTs.

Tissue-specific expression of the homeologs {#s13}
-------------------------------------------

To study the tissue specificity of the homeologs, 268,582 wheat cultivar "CS" ESTs from 41 cDNA libraries representing 16 different tissues or developmental stages were analyzed for 220 randomly selected genes out of the 813 with three structural copies ([Table 2](#t2){ref-type="table"}). In total, 113 of the 220 genes expressed from all three homeologs, 85 from two, and 22 from only one in the 16-tissues/developmental stages. Expression of each of the homeologs was evaluated individually.

###### Expression of homeologs in different wheat tissues

  Tissue           Number of Homeologous Copies Expressed per Gene   Total Expressed Genes   Total Expressed Homeologs   \# Expressed Homeologs/Gene   ESTs/Tissue (K)         
  ---------------- ------------------------------------------------- ----------------------- --------------------------- ----------------------------- ----------------- ----- ------
  Root             8                                                 44                      79                          111                           191               1.7   27
  Shoot            3                                                 11                      36                          50                            67                1.3   15.5
  Crown            2                                                 12                      49                          63                            89                1.4   15.7
  Sheath           0                                                 1                       13                          14                            15                1     2.5
  Leaf             3                                                 10                      41                          54                            70                1.2   23
  Flag leaf        0                                                 1                       20                          21                            22                1     1.3
  Immature spike   4                                                 13                      45                          62                            83                1.3   12.3
  Anther           3                                                 10                      42                          121                           125               1     36.1
  Spike HD         2                                                 15                      51                          68                            87                1.3   11.3
  Early FL         1                                                 10                      47                          99                            119               1.2   47.6
  Pistil HD        1                                                 10                      39                          50                            62                1.2   10.4
  Preanthesis      4                                                 9                       57                          70                            87                1.2   14.3
  DPA-20           7                                                 13                      46                          66                            93                1.4   11.3
  DPA-30           3                                                 16                      35                          54                            76                1.4   12.6

Only the genes with three structural copies were considered for the analysis. \#, number; EST, expressed sequence tag; HD, heading date; FL, flowering; DPA, days postanthesis.

There were major differences among tissues for the number of homeologs showing expression ([Figure 4](#fig4){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). The highest number of expressed homeologs/gene (1.72/3) was found in the roots and the lowest number was in the anthers (1.03/3). The number of genes showing expression was the highest in anthers/meiosis (121/220) and the lowest in leaf-sheaths (14/220). Surprisingly, the number of genes expressing in the flag leaf was also less (21/220) ([Table 2](#t2){ref-type="table"}), and there were significant differences among tissues for the expression level of the genes. The average number of ESTs/gene/tissue was the least in the flag leaf (1.3) and was the most in early flag leaf (47.6). The number was also higher in anthers (meiosis), roots, and leaves. For 87% of the genes, the expression pattern among homeologs was different in different tissues ([Figure 4](#fig4){ref-type="fig"}). The expression pattern among homeologs of the remaining 13% of the genes was very similar in different tissues. Unique, tissue-specific expression for at least one of the three homeologs was observed for 57% of the genes. Most of the differential expression among homeologs was observed at flowering and seed development stages with the least being in roots. Tissue specificity was more pronounced for the 22 genes that expressed from only one of the three homeologs.

![Virtual northern analysis of ESTs (expressed sequence tags) to show differential expression of homeologs during different stages of plant development. Green, pink, and blue bars correspond to three homeologs of wheat. The darker color bar indicates the presence of expression of the homeolog and the lighter bar denotes its absence. EF, early flowering; LF, later stages of flowering. Both EF and LF were collected at Feekes scale 6, so should be considered the same. FD denotes flowering date and HD heading date, whereas DPA represents days postanthesis. The EST numbers were normalized with respect to the number of actin copies.](1225f4){#fig4}

Furthermore, to strengthen the tissue-specific copy differences, the RNA-seq data of multiple copies of the gene from five different developmental tissues across multiple timepoints ([@bib12]; [@bib50]) were analyzed and compared. Of the total genes analyzed, 110 (76%) showed differential expression patterns among homeologs in different tissues. In accordance with the above observation, there were major differences among tissues for the number of homeologs showing expression in addition to the expression levels. The genes showed the least expression in grain tissue collected 14 DPA, while maximum expression was observed in a spike at the meiosis stage ([Figure 5](#fig5){ref-type="fig"}). Also, the genes with three structural copies with all three expressing was the most abundant class.

![Heat map illustrating wheat EST expression patterns inferred from the RNA-seq data of multiple copies of the gene from five different developmental tissues across multiple timepoints. The expression values of the wheat ESTs with varying copy number showing differential expression patterns in three stages each of five different development tissues from different stages of the wheat life cycle ([@bib12]) are depicted in a heat map. Columns represent different tissue types and rows correspond to the varying copies of the ESTs indicated. The absolute expression values on a logarithmic scale are encoded by the color bar, where positive values show upregulation while the negative values show downregulation of the respective genes. EST, expressed sequence tag; RNA-seq, RNA sequencing.](1225f5){#fig5}

In order to confirm *in silico*/virtual northern and RNA-seq results, tissue-specific expression of eight randomly selected genes was evaluated by the SSCP analysis of cDNA's from nine different tissues/developmental stages of the wheat cultivar CS. The SSCP results of five of these genes (*BE586090*, *BF485127*, *BE517931*, *BG263365*, and *BE443936*) matched with that from the *in silico* analyses (virtual northern blots and RNA-seq). For example, the *in silico* analyses suggested the three homeologs for *BE586090* to be expressing in roots, leaves, DPA 5--10, and DPA 30, whereas only two of the three were predicted to express in anthers at meiosis. The SSCP analysis confirmed these results, as the *B* genome-specific fragment band was absent in the tissues at the meiotic stage but all three bands were present during other stages ([Figure 6A](#fig6){ref-type="fig"}). Similarly, for *BG263365*, two of the three structural copies were shown to express in all tissues except flag leaf, postanthesis, and DPA 5--10 ([Figure 6B](#fig6){ref-type="fig"}). Among the remaining three genes, homeolog-specific fragment bands were not resolved for *BE517750*. In the case of *BE442943*, virtual northern analysis showed all three gene copies to be expressing in the root tissue, with two of the copies expressing at DPA 30 and postanthesis. While for RNA-seq, the data was not available for this gene. The SSCP analysis showed all three gene copies to be expressing in all of the tissues analyzed, although the difference in expression level was observed among the homeologs in different tissues ([Figure 6](#fig6){ref-type="fig"}). For *BE444392*, virtual northern analysis showed expression of the three homeologs in roots only. Whereas the SSCP analysis also detected expression of the three homeologs in preanthesis, postanthesis, and DPA5. Confirming the SSCP results, the RNA-seq analysis showed expression of all of the homeologs in the late anthesis stage with some expression in roots as well. One of the three homeologs showed expression in root, leaf, and meiotic stages, but not in the flag leaf, early flowering, and DPA30 stages.

![Expression analysis of homeologs in various tissues, analyzed by cDNA-SSCP analysis of various aneuploid stocks. The developmental stages included were root, leaf, flag leaf, early flowering, preanthesis, postanthesis, DPA5, DPA30, and meiosis. Expression pattern of *BE586090* (A) and *BG263365* (B) is shown relative to actin (C). Both genes have three structural copies. cDNA, complementary DNA; DPA, days postanthesis; SSCP, single-stranded conformational polymorphism.](1225f6){#fig6}

Effect of chromosomal location on homeologous gene expression {#s14}
-------------------------------------------------------------

To study the effect of the physical location of genes on homeologous gene expression, 813 genes with three structural copies were placed on the wheat consensus physical map following the approach described by [@bib54]. Compared among chromosomes and after adjusting for the total number of mapped ESTs, chromosome 4 showed the highest proportion of genes with three structural copies ([Figure 7](#fig7){ref-type="fig"} and Figure S2 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf)). This was not because of a higher number (65) of ESTs mapping on the chromosome, as the total number of ESTs mapped on chromosome group 4 was 13.1% compared to the expected 14.3% based on a random distribution. On the other hand, group 7 chromosomes showed the lowest proportion of genes with three structural copies. The total number of mapped ESTs (14.2%) on group 7 was very close to the expected (14.3%) proportion. There were also major differences among chromosome arms for the number of three-copy genes. For example, the two arms of chromosome group 6 are similar in size but the number of three-copy genes was 2.75-times higher on the long arm.

![A consensus expression map of 1030 ESTs (expressed sequence tags) with three structural copies physically localized to chromosome regions bracketed by wheat deletion breakpoints. The maps were drawn using the information from [@bib53]. Fraction length for each chromosomal region is given on the left side of the chromosomes. Statistical significance was tested at *P* \< 0.05. Red colored chromosomal regions show significantly higher proportions of gene expressing from all three homeologs, green marks regions with two of the three homeologs showing expression, and the regions mark in blue show significantly a higher proportion of genes expressing from only one of the three homeologs. Chromosome regions marketed with black show a significantly higher proportion of genes with \< 5 ESTs.](1225f7){#fig7}

There were also major differences, both among chromosomes as well as between chromosome arms, for the types of gene expression ([Figure 7](#fig7){ref-type="fig"}). The proportion of gene expression from all three copies was the highest in chromosome group 1 and was the lowest in group 3 chromosomes. Group 6 chromosomes on the other hand showed the highest proportion of genes expressing from two of the three copies. Group 1 chromosomes showed the lowest percentage of genes in this class.

There were significant differences among chromosome arms for the type of gene expression. About 80% of the genes present on chromosome arms 1L and 7L expressed from all three copies compared to only 28.6% for chromosome arm 3S. On the other hand, 66.7% of the genes present on chromosome arm 3S expressed from two of the three copies. The lowest number of genes expressing from two of the three copies was 11.1% for chromosome arm 1S. Similarly, the number of genes expressing from only one of the three copies was highly variable among chromosomes and chromosome arms ([Figure 7](#fig7){ref-type="fig"}).

A nonrandom distribution of gene expression pattern was also observed among various chromosomal regions ([Figure 7](#fig7){ref-type="fig"}). For example, the chromosomal segment between FL 0.47 and 0.85 on the long arm of chromosome 1 showed a significantly higher proportion of genes expressing from all three copies. Similarly, genes expressing from one of the three copies were concentrated in few chromosomal regions ([Figure 7](#fig7){ref-type="fig"}). Genes with a lower level of expression indicated by \< 5 ESTs/gene were also nonrandomly distributed on the chromosomes ([Figure 7](#fig7){ref-type="fig"}).

Dosage dependence of homeologous gene expression {#s15}
------------------------------------------------

The effect of copy number change on homeologous gene expression was studied via SSCP analysis of the NT lines. Seven (21%) of the 34 randomly selected genes showed a change in expression in response to a change in the homeolog copy number balance. For example, in BE490007 the physical mapping and *in silico* analyses showed four structural copies with the corresponding four SSCP bands in normal CS ([Figure 8A](#fig8){ref-type="fig"}). In the Nulli7A-Tetra7B line, the 7A band was missing as expected and expression of one of the 7B bands appeared to be more than that in CS. Surprisingly, the other 7B- and the 7D-specific bands were also missing in this line, suggesting that the expression of these two copies was silenced in response to gene copy number change in the NT line. Similarly, in the Nulli7D-Tetra7A line, one of the B-specific bands was also missing in addition to the expected absence of a D-specific band. In another example, a 7D-specific band was also missing in Nulli7A-Tetra7B ([Figure 8B](#fig8){ref-type="fig"}). The BE404660 gene has three structural copies and all three express. The SSCP analysis showed three bands in normal CS ([Figure 8C](#fig8){ref-type="fig"}), of which band \#1 was present in all three NT lines. Bands \#2 and \#A were absent in both Nulli1A-Tetra1B as well as in Nulli1B-Tetra1D lines. An extra band (marked by "\*," [Figure 8C](#fig8){ref-type="fig"}) was present only in Nulli1A-Tetra1B. In *BF485179*, where two of the three structural copies showed expression, the 3A copy in Nuli3D-Tetra3B showed more than threefold the expression present in CS. In three other genes (*BE426712*, *BE406976*, and *BF202806*), expression of one of the homeologs was completely silenced by copy number change in the other two homeologs (data not shown).

![Dosage dependence of homeolog gene expression. Homeolog-specific gene expression was studied either by SSCP (single-stranded conformational polymorphism) analysis (A--C) or by using a methylation-sensitive enzyme (*Hpa*II) on genomic DNA (D). Wheat group 7 nullisomic--tetrasomic (NT) and ditelosomic (DT) lines were used to study effects of homeolog copy number change on expression or methylation pattern. The methylation pattern differences between Chinese spring (CS) and aneuploid stocks of homeologous group 7 chromosomes were studied by gel-blot analysis. The genomic DNA from CS, NT, and DT lines was digested with a methylation-sensitive enzyme and hybridized with *BE490149*. The genomic fragments identified by physical mapping are depicted as *A*, *B*, and *D* on the left of the autoradiograph. "\*" indicates the fragments showing differences in methylation patterns.](1225f8){#fig8}

In order to check if the dosage effect on the expression of homeologs was due to a change in DNA methylation pattern, wheat group 7 NT lines were analyzed by gel blot analysis using isochizomer restriction enzymes differing for CpG methylation sensitivity (*Hpa*II and *Msp*I). Both *Msp*I and *Hpa*II recognize the CCGG sequence for restriction, but *Hpa*II is sensitive to methylation of the second "C" in the site whereas *Msp*I is insensitive. A total of 66 wheat homeologous group 7-specific genes were used for this study, along with 17 that were specific to groups 1 or 5 that served as controls. The physical location of the group 7-specific genes is shown in [Figure 9](#fig9){ref-type="fig"}.

![Physical map of group 7 probes. Relative chromosome length, arm ratios, and C-bands are drawn to scale. Arrows on the left of the chromosome diagrams mark the chromosome deletion breakpoints with the fraction lengths of the retained arm. The probe loci and chromosome regions paneled by the deletion breakpoints are shown on the right of the drawings. Markers in "bold" identify variable methylation patterns among the NT or DT lines when compared to normal CS. CS, Chinese spring; DT, ditelosomic; NT, nullisomic--tetrasomic.](1225f9){#fig9}

Of the 66 group 7 genes, 53 showed the same restriction fragment band pattern with the two enzymes, thus, no difference in methylation was observed in response to gene copy number change among group 7 NT lines. However, for the remaining 13 (20%) genes (marked "red," [Figure 9](#fig9){ref-type="fig"}), unique fragment bands were observed with *Hpa*II in one or more of the NT or DT lines ([Table 3](#t3){ref-type="table"}). For *BE490149*, the B-specific fragment band in Nulli7A-Tetra7B and Nulli7A-Tetra7D indicated reduction in methylation in response to the removal of either chromosome 7A or an increased number of 7B. Furthermore, unique fragment bands were observed in the DT7AS line ([Figure 8D](#fig8){ref-type="fig"} and [Table 3](#t3){ref-type="table"}). Similarly, for *wsu102*, the size of the *7A*-specific fragment band was larger in Ditelo (DT) 7DS in comparison to CS, suggesting increased methylation of chromosome 7A in response to the loss of chromosome 7DS (Figure S3 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf) and [Table 3](#t3){ref-type="table"}). None of the 17 control gene probes showed any difference in methylation between CS and group 7 NT or DT lines.

###### Methylation changes in or around genes in response to copy number changes of homeologs

  Gene       Genome   CS    N7A\\T7B   N7A\\T7D   N7B\\T7A   N7B\\T7D   N7D\\T7A   N7D\\T7B   Dt7AS   Dt7AL   Dt7BS   Dt7BL   Dt7DS
  ---------- -------- ----- ---------- ---------- ---------- ---------- ---------- ---------- ------- ------- ------- ------- -------
  WSU101     U        ---   19         19         19         ---        19, 5      ---        18.5    19      7.8     ---     19
  WSU102     A        12    ---        ---        12         1          12         12         5       ---     12      12      14
  WSU103     B        18    20         18         ---        2          18         18         12      18      ---     18      18
  WSU104     A        10    ---        ---        10         ---        10         10         18      8       10      10      10
  WSU105     A        18    ---        ---        17.8       1          18         18         ---     ---     18      18      18
  WSU107     U        ---   ---        7.8        8          0          ---        ---        18      ---     ---     7.8     7.8
  BF291511   A        19    ---        ---        ---        1          17         19         7.8     19      19      19      19
  BF202806   D        6     6          10         17         8          ---        ---        ---     6       6       ---     ---
  BF202806   B        5     5          5          6          ---        5          5          6       5       ---     5       5
  BG274496   U        ---   ---        ---        ---        1          ---        ---        5       19      19      7.8     ---
  BE490149   B        17    12         17         ---        9          17         17         ---     17      ---     17      17
  BE490149   U        ---   ---        ---        ---        6          ---        ---        17      ---     ---     ---     ---
  BE591273   U        ---   ---        7.8        ---        ---        10         7.8        7.8     7.8     ---     ---     7.8
  BF474382   U        ---   ---        17.6       ---        ---        ---        ---        ---     ---     19      19      15
  RZ476      U        ---   18, 17.5   17.5       18         ---        12         17.5       10      17.5    ---     10      ---

"Gene" shows the genes or ESTs that showed a difference in methylation pattern in response to copy number change; "genome" shows the genome, copy of which is showing the methylation difference; nullisomic--tetrasomic and ditelosomic lines are marked using the standard nomenclature. The numbers in the table are the sizes of the fragment bands in approximate kilobases, estimated using the size standard during the gel-blot analysis. CS, Chinese spring.

Discussion {#s16}
==========

The effects of polyploidization on gene expression has been studied for synthetic polyploids, but the concerted fate of homeologs in natural polyploids, the interdependence of homeologous gene expression, and the corresponding mechanisms controlling these processes remain largely unexplored. Therefore, in this study, we chose wheat to address these questions as it is one of the most important cereal crops used for human consumption and, thus, any genetic insights into its genome can eventually be translated into crop improvement

Our novel *in silico* approach to identify ESTs corresponding to each of the three wheat homeologs turned out to be reliable as the results were confirmed by the SSCP analysis. The *in silico* results for the 19 genes for which all fragment bands were resolved and localized to the corresponding homeologs were confirmed by the SSCP results. The SSCP analysis of the remaining genes could not resolve all bands but the results from the polymorphic bands showed accordance between the two methods of analysis. For the three genes where the SSCP analysis showed more bands than the structural copies, this was probably due to alternate splicing or amplification from distantly related sequences. Due to a higher PCR stringency (60° annealing) the second possibility is less likely, thus, alternate splicing is a more likely explanation. Although based on the limited dataset, we argue that alternate splicing appears to be a frequent phenomenon among wheat genes.

It is difficult to study the individual expression of wheat homeologs, especially for the genes showing relatively higher levels of DNA sequence similarity. Our acrylamide/urea gel-based combination approach, using both standard and SSCP gels on wheat NT lines, proved effective as it accurately revealed the homoeologous gene expression patterns of 56% of the genes. Bands for ∼30% of the genes resolved better by the standard gels, whereas the SSCP gels worked better for the remaining 70% of the genes. Therefore, both types of gels should be run to maximally resolve the homeologous bands. All bands for the remaining 44% of the genes could not be allocated to the corresponding homeologs, probably because of comigration of bands from multiple homeologs. More sensitive methods, such as high-throughput transcriptome profiling ([@bib40]), can be used to study homeologous-specific gene expression of this group of genes.

Here, we report that, out of the genes with three structural copies, 55% of the genes express from all three homeologs, 38% from two, and 7% from only one. Based on the analysis of 116,232 ESTs ([@bib46]), 26% of the wheat genes were reported to be expressing from all three homeologs, 46% from two, and 21% from one. This discrepancy is probably due to the fact that their analysis was based on ˂ one-tenth of the ESTs that we used for our analysis and that the structural copy number information was not used. Accurate estimation of the number of expressed homeologs/gene cannot be determined without knowing the actual number of structural copies of the corresponding genes along with a comprehensive set of ESTs from different wheat tissues. Also, their analysis was based on ESTs and not the full-length gene sequences, thus, was prone to error particularly for larger sized genes where two nonoverlapping EST contigs corresponding to a gene would be counted twice. Our analysis was based on full-length gene sequences constructed using rice full-length cDNA sequences as a "bridge." This approach was successful in identifying full-length wheat gene sequences.

One of the key finding of our study is that homeologs for at least 87% of the wheat genes have developed different gene expression patterns during the course of polyploidization. Of the 198 genes with three structural copies, the expression patterns of homeologs of 173 (87%) differed in different tissues. The level of sequence conservation among homeologs of 87% of the genes was not significantly different from that of the remaining 13%. Any change in expression pattern in different tissues may result in a novel function, thus, could be an important force to evolve new gene functions. Among tissues, stages after flower initiation showed homeolog-specific expression whereas vegetative stages usually showed expression from multiple homeologs ([Table 2](#t2){ref-type="table"}).

We observed that genes with three structural copies showed the most consistent level of expression. Any deviation in copy number showed an overall reduction in the expression level. The number of ESTs/homeologs for the genes with three structural copies was four. The corresponding number for the genes with only one structural copy was six and for the genes with seven structural copies was one. Any deviation in genomic copy number leads to an overall reduction in expression at the gene level. At the gene level, the number of ESTs for the genes with one structural copy was six and for the genes with seven gene copies was seven. These numbers were significantly lower than 12 ESTs/gene found for the genes with three structural copies. A balance of homeolog expression was observed, as any deviation in copy number of the gene resulted in altered expression levels. These conclusions further strengthened the effect of dosage on gene expression.

Uneven distribution of genes is a common feature of eukaryotes, although the unevenness is more pronounced in species with larger genomes ([@bib25]; [@bib64]; [@bib59]) that contain only a small fraction of the genic regions and large amounts of repetitive elements. Distribution of recombination is also highly uneven in eukaryotes and the recombination is usually limited to the genic regions ([@bib25]; [@bib64]; [@bib59]). Additionally, even regions within the gene-rich regions show a lot of variation with respect to the recombination frequency. These observations suggest that different chromosomal regions are structurally and functionally distinct. In the present study, we have identified several chromosomal regions/arms showing uneven distribution of various expression patterns ([Figure 7](#fig7){ref-type="fig"} and Figure S2 in [File S1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1/FileS1.pdf)). In general, pericentromeric and proximal chromosomal regions known to contain "housekeeping" genes favored the expression of all three homeologs. On the other hand, distal regions housed genes expressing from one or two of the three homeologs. The level of gene expression was also nonrandomly distributed on the chromosomes. The number of genes with low levels of expression (\< 5 ESTs/gene) was disproportionately higher in chromosomal regions 1S-0.86-1.00, 1L-0.17-0.18, 4S-0.66-0.67, 6S-0.99-1.00, and 7S-0.59-0.61, whereas the number of genes with abundant expression was higher in the regions 1S-0.50-0.59, 1L-0.69-0.61, 2S-0.47-0.53, 2L-0.50-0.49, 2L-0.89-0.85, 3S-0.23-0.24, 3L-0.78-0.81, 4S-0.37-0.43, 4L-0.86-1.00, 5L-0.75-0.76, 6S-0.35-0.45, 6L-0.36-0.40, and 6L-0.74-0.80. We have evidently shown that the chromosomal arm and subarm locations, apart from having an effect on recombination, also impact the gene expression pattern of duplicated genes.

Independently studied by methylation differences and SSCP-based expression analysis, we showed that ∼20% of the genes show expression differences in response to gene copy balance change of homeologs in NT lines. Of the genes that showed methylation differences, 54% showed a novel band in one or more of the aneuploids with 31% of the bands being smaller than the expected band (loss of methylation), whereas bigger (gain of methylation) than expected bands were observed for the remaining 23% of the genes. These observations suggested that the changes in DNA methylation patterns are one of the factors determining the effect of dosage on the expression of homeologs.

Supplementary Material {#S17}
======================

Supplemental material is available online at [www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1](http://www.g3journal.org/lookup/suppl/doi:10.1534/g3.116.038711/-/DC1).
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